In this study we present data supporting that most CD38 is pre-assembled in a subset of Brij 98-resistant raft vesicles, which were stable at 37ºC, and have relatively high levels of Lck and the CD3-ζ subunit of TCR-CD3 complex in contrast with a Brij 98-soluble pool, where CD38 is associated with CD3-ζ, while Lck is not detected. Our data further indicate that following CD38 engagement, LAT and Lck result tyrosine phosphoryalted exclusively in Brij 98-resistant rafts, and some key signaling components translocate into rafts (i.e. Sos and p85-PI 3-kinase).
Running Title: Initial CD38-mediated Signaling Occurs within Rafts
SUMMARY
In this study we present data supporting that most CD38 is pre-assembled in a subset of Brij 98-resistant raft vesicles, which were stable at 37ºC, and have relatively high levels of Lck and the CD3-ζ subunit of TCR-CD3 complex in contrast with a Brij 98-soluble pool, where CD38 is associated with CD3-ζ, while Lck is not detected. Our data further indicate that following CD38 engagement, LAT and Lck result tyrosine phosphoryalted exclusively in Brij 98-resistant rafts, and some key signaling components translocate into rafts (i.e. Sos and p85-PI 3-kinase).
Moreover, N-Ras results activated within rafts immediately upon CD38 ligation, while activated Erk is mainly found in soluble fractions with delayed kinetics respective to Ras activation. Furthermore, fully phosphorylation of CD3-ζ, and CD3-ε only occurs in rafts, whereas partial CD3-ζ tyrosine phosphorylation occurs exclusively in the soluble pool, which correlated with increased levels of c-Cbl tyrosine phosphorylation in the non-raft fractions.
Taken together, these results suggest that, unlike the non-raft pool, CD38 in rafts is able to initiate and propagate several activating signaling pathways, possibly by facilitating critical associations within other raft subsets, per example LAT rafts, via its capacity to interact with Lck and CD3-ζ. Overall, these findings provide the first evidence that CD38 operates in two functionally distinct microdomains of the plasma membrane.
INTRODUCTION
Human CD38 antigen is a 45 kDa type II transmembrane glycoprotein with a short Nterminal cytoplasmic domain and a long C-terminal extracellular domain (1, 2) . It is widely expressed in different cell types including thymocytes, activated T and terminally differentiated B cells (plasma cells) (3) (4) (5) (6) . Other reactive cells include NK cells, monocytes, macrophages, dendritic cells and some epithelial cells. The CD38 antigen acts mainly as a NAD(P)+ glycohydrolase (7) and plays a role in lymphocyte activation (3, 8) . However, CD38 may also act as an ectocyclase that converts NAD+ to the Ca 2+ -releasing second messenger cyclic ADPribose (9) . Moreover, intracellularly expressed CD38 may catalyze NAD + /cyclic ADP-ribose conversion to cause cytosolic Ca 2+ release (10) , and CD38 may control neutrophil chemotaxis to bacterial chemoattractants through its production of cyclic ADP-ribose (11) .
Plasma membranes of many cell types, including T cells, contain specialized microdomains, or lipid rafts, enriched in sphingolipids, cholesterol, sphingomyelin and glycosylphophatidylinositol-anchored proteins. These membrane domains are characterized by detergent-insolubility at low temperatures and low buoyant density. Based on these biochemical properties, they are often referred to as glycosphingolipid-enriched membranes, or detergent-insoluble glycolipid fractions (12, 13) . Several signaling proteins are enriched in lipid rafts. Src family kinases and the adaptor protein LAT 1 , both of which require acylation for raft targeting, are constitutively present in rafts. The densely packed, liquid-ordered environment of rafts excludes most integral membrane proteins. However, antibody-mediated clustering can recruit receptors on several cell types to rafts. These include some components of the TCR-CD3 complex (14) (15) (16) (17) , BCR (18) (19) (20) , FcεRI (21), CD20 (22) , and human CD2 (23) . Other transmembrane proteins seem to be constitutively associated with rafts as CD44, CD5, CD9
and murine CD2 (24) (25) (26) .
Recent data, however, demonstrate that in resting T cells 10-20% of the TCR-CD3 complex partitions into rafts that are resistant to solubilization in 1% Brij 98 at 37ºC (27) , which suggest that part of the TCR-CD3 complex is constitutively associated with lipid rafts.
Our previous data led to the proposition that in T cells CD38 requires the TCR-CD3 complex for signaling (28, 29) . In addition, we have demonstrated that Lck, which partitions into rafts, is required for CD38-mediated signaling (30) , and CD38 itself is constitutively associated with lipid rafts resistant to solubilization in 1% NP-40 at 4ºC (31) . Moreover, upon CD38 crosslinking a number of proteins result tyrosine phosphorylated including ZAP-70 and LAT (30, 31) . These studies suggested that rafts and the proteins associated, or targeted to them as the TCR-CD3, Lck, ZAP-70, and LAT could be involved in CD38 signaling. However, a key issue remained unclear: how is CD38 ligation coupled to activation events in rafts. Does CD38 ligation induces coalescence of membrane rafts, and such aggregation facilitates the transactivation of the raft-associated Lck, thereby initiating the intracellular cascades, or is CD38
and a fraction of the TCR-CD3 complex constitutively present in a subset of rafts where they co-localize and physically interact?
A major concern about rafts isolated by 1% Triton X-100, or 1% NP-40 at 4ºC is that they are large vesicles of 0.5 and 1 µm in diameter, which probably results from the coalescence of segregated raft units (32) . Therefore, it makes difficult to interpret data on protein composition of raft subsets. However, the size of 1% Brij 98-resistant vesicles isolated at 37ºC is rather small (67 ± 39 nm) (27) , which is quite close to the size (~50 nm in diameter)
of circular raft patches estimated by photonic force microscopy in living fibroblasts (33) , or to the size of GPI-anchored protein domains (less than 70 nm in diameter) measured by fluorescence resonance energy transfer (FRET) microscopy in living CHO cells (34) .
Moreover, Brij 98 vesicles are very stable and once isolated from different cell membranes do not coalesce (27) . If a circular raft patch has a radius of about 30 nm and thus occupies 2827 nm 2 , it follows that a Brij 98 vesicle on average should harbor about 1 separate raft unit, which theoretically would allow to immunoisolate homogeneous raft subsets, and indeed raft subsets with different protein compositions from the same membrane could actually be isolated (27) .
In the present study, using 1% Brij 98 at 37ºC to isolate raft from Jurkat T cells, we have demonstrated the existence of at least three types of Brij 98-resistant raft subsets: CD38 rafts, which are enriched in CD38, CD3-ζ and Lck; TCR/CD3 rafts, which are enriched in CD3-ζ, CD3-ε, and Lck; and LAT rafts, which are primarily enriched in Lck. Indeed, immunoisolated
Lck rafts retrieve all the above proteins, which is in agreement with its presence in all raft subsets so far studied. Our results further indicated that following stimulation of CD38, LAT 6 and Lck result tyrosine phosphoryalted exclusively in Brij 98 resistant rafts and many key components of signaling pathways that are regulated by CD38 translocate into rafts (i.e. Sos and p85 PI 3-kinase). Moreover, N-Ras is found in its activated state within rafts upon CD38 stimulation. Furthermore, fully phosphorylation of CD3-ζ, and CD3-ε only occurs in rafts, whereas c-Cbl tyrosine phosphorylation occurs exclusively in non-raft fractions. Taken together, these data provide new insights in how rafts take part in CD38 signal transduction.
EXPERIMENTAL PROCEDURES
Cell lines-Jurkat D8 cells, which constitutively express CD38, were obtained from wildtype Jurkat cells (subclone E6-1, American Tissue Culture Collection (ATCC), Rockville, MD)
by the limiting dilution technique (35) . The Lck-deficient Jurkat T cell variant JCaM1.6 (36) was kindly provided by Dr. Arthur Weiss (UCSF, San Francisco, CA).
Antibodies and Reagents-Anti-human CD3-ε mAb OKT3 (IgG 2a ), or the CD38 mAbs HB136 (IgG 1 ) and OKT10 (IgG 1 ) were prepared and purified by affinity chromatography on HiTrap Protein A, or HiTrap Protein G HP column, respectively using the ÄKTA explorer system (Amersham Pharmacia Biotech) as described (28) . Anti-human CD38 mAb IB4 (IgG 2a ) was prepared and purified by affinity chromatography on Protein A-Sepharose and HPLC on hydroxyapatite, as described (37) . Anti-human CD3-ζ mAb 1D4.1 is directed against the Cterminal portion of CD3-ζ, and it has been described previously (38) . Affinity purified, fluorescein isothiocyanate-conjugated (FITC), F(ab') 2 fraction of rabbit antibody to mouse immunoglobulins [F(ab') 2 FITC-RαmIg] was purchased from DAKO (Glostrup, Denmark).
Affinity purified, F(ab') 2 fraction of goat antibody to mouse IgG (whole molecule) [F(ab') 2 GαmIg] was purchased from Cappel (ICN Pharmaceuticals, Inc., Costa Mesa, CA).
Recombinant anti-Tyr(P) antibody coupled to horseradish peroxidase (RC20-HRP), anti-Sos1 mAb, and anti-p85 PI 3-kinase mAb were obtained from BD Transduction Laboratories (BD Biosciences, Heidelberg, Germany). The anti-phospho-p44/42 MAP kinase (Thr202/Tyr204) E10 mouse mAb was purchased from Cell Signaling Technology (New England Biolabs, Inc., Beverly, MA). The following affinity-purified rabbit polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA): Anti-Erk-2, anti-ZAP-70, anti-Vav, antiSos, anti-Cbl, and anti-p85α PI 3-kinase; and the affinity-purified mouse monoclonal antibody anti-Lck 3A5 mAb. An affinity purified rabbit antibody to CD3-ε was purchased from Dako (Denmark). Polyclonal antibodies anti-LAT and anti-Lck (N-terminal) were from UBI Upstate Biotechnology (Upstate, NY). Anti-Zap-70 (Zap-4) rabbit antiserum was a kind gift from Dr. S. FACS analysis-Cells were analyzed for surface expression of CD3 and CD38 by flow cytometry as previously described using saturating concentrations of the unlabeled primary mouse mAbs and of the F(ab') 2 FITC-RαmIg secondary antibody (30) . Samples were analyzed in a FACScan flow cytometer (Becton Dickinson, San Jose, CA), using the CellQuest Software. Under these conditions the primary antibody binds to the cell surface antigen monovalently, and therefore, the number of bound antibody molecules corresponds to the number of antigenic sites (39) . In experiments on peripheral blood binding of anti-CD38 mAbs tend to be exclusively monovalent when CD38 antigen density is low but is partially bivalent at higher CD38 densities (40) . Therefore, these estimates may be incorrect by as much as a factor of 2. However, the ratio between the median fluorescence intensities of CD3 and CD38 was constant from experiment to experiment, because the same Jurkat line was used throughout the study, and saturating concentrations of the mAbs were used.
Detergent solubilization of cells at 37 0 C-Cells (7 -9 X 10 7 ) were washed twice in icecold RPMI-HEPES and resuspended in 0.45 ml of ice-cold 1X lysis buffer (20 mM HEPES pH 7.6, 150 mM NaCl, 1 mM EGTA, 50 mM Sodium Fluoride, 1 mM Sodium Orthovanadate, 20
µM Phenylarsine Oxide, 1 mM PMSF, 10 mM Iodoacetamide, and a cocktail of Small Peptide Protease Inhibitors at 1 µg/ml each) without detergent to disrupt the cells (30) , then they were quick-frozen on dry-ice and then thawed on ice. Broken cells were homogenized by shearing through a 25-gauge needle with a 1 ml syringe, 10 times, on ice (41 (27) . Samples were then placed at the bottom of a discontinuous sucrose gradient and fractionated as described below.
Fractionation of detergent-insoluble and -soluble fractions by sucrose gradient
ultracentrifugation-Detergent-insoluble and-soluble fractions were separated as described (31) with some modifications. Cell lysates were mixed with an equal volume of 80% sucrose and transferred to Sorvall ultracentrifuge tubes. Two ml of 30% sucrose, followed by 1 ml of 5% sucrose in 1X lysis buffer without detergent, were overlaid. All the sucrose solutions were prepared in 1X lysis buffer without detergent and in the presence Small Peptide Protease
Inhibitors at 1 µg/ml each, (30) . Samples were centrifuged for 18-20 h at 200,000 g in a Sorvall
AH-650 rotor. Eight fractions of 0.5 ml each were collected on ice, from the top to the bottom of the gradients. 18 µl aliquots of each fraction of the gradient were diluted with 9 µl 3X
Laemmli sample buffer and resolved on 12.5% SDS-PAGE under non-reducing conditions, transferred to PVDF and immunoblotted with specific antibodies. Ganglioside GM1, which migrated with the dye-front on a 12.5% SDS-PAGE gel, was detected by blotting with cholera toxin-HRP conjugated following by the ECL system.
In indicated experiments two pools of the sucrose gradient fractions were then collected.
First, the low-density fractions corresponding to the 5%/30% interface (fractions 2 and 3, along fraction 4) and referred to as Rafts. Second, the high-density soluble material corresponding to fractions 7 and 8 of the gradient and referred to as Soluble. Except where otherwise indicated, 18 µl of each pool were diluted with 9 µl of 3X Laemmli sample buffer and loaded onto gels.
In indicated experiments proteins of each fraction of the gradient were concentrated by methanol/chloroform precipitation as described (31) . anti-mouse secondary. Proteins were detected using enhanced chemiluminescence (ECL System, Amersham Pharmacia Biotech; or ImmunoStart System from Bio-Rad).
Immunoisolation of Raft subsets under nonsolubilizing conditions-

Affinity Assay for Ras Activation in Raft and Soluble fractions-Pooled Raft and Soluble
fractions from 4 -5 x 10 6 unstimulated or anti-CD38-stimulated Jurkat T cells were diluted with 1 x Mg 2+ lysis buffer to bring the sucrose concentration to less than 20%. Then samples were incubated with GST-RBD and processed as above.
Statistical analysis-Statistical analysis were performed using the Student's t-test parametric) to compare sample groups. P values less than 0.005 were considered significant.
RESULTS
Isolation and characterization of CD38-containing Brij 98-insoluble raft microdomains
In this study we used Jurkat T cells, which constitutively express CD38 (30) (Fig. 1A) , to test whether CD38-mediated signaling is initiated within rafts. We first investigated whether CD38 is associated with the membrane raft vesicles that are recovered as detergent-insoluble complexes upon solubilization of cells in Brij 98 at 37 0 C. This detergent has a hydrophiliclipophilic balance (HLB) of 15.3 mM, and it has been successfully used to selective isolate detergent-insoluble microdomains at 37 0 C exhibiting the expected biochemical characteristics of rafts (27) . Jurkat T cells were lysed in 1% Brij 98 at 37 0 C as described in Experimental
Procedures, and the lysates were fractionated into supernatant and pellet after centrifugation These results demonstrated that a large fraction of CD38 was insoluble in Brij 98 at 37ºC and strongly suggested that CD38 was associated with Brij 98-resistant lipid rafts. However, insolubility of a membrane protein in a non-ionic detergent could be due to its association with detergent-resistant lipid rafts and/or its anchoring to cytoskeletal elements. To distinguish between these two possibilities, we used ODG, which is a gentle non-ionic detergent that is very efficient in solubilizing proteins associated with glycolipid-enriched membranes, while it does not disrupt the cytoskeleton (42) (43) (44) (45) . As shown in Fig. 1B (lane 2), in cells lysed in 1% Brij 98 in the presence of 60 mM ODG about 98% of CD38 was recovered in the supernatant upon centrifugation at 13,000 g for 15 min, which indicated that CD38 was almost entirely solubilized by ODG. Therefore, the efficiency of ODG to solubilize CD38 supports the conclusion that its insolubility in Brij 98 is due to raft association and not to cytoskeleton interactions.
To confirm this, raft membranes were isolated from Jurkat T cells by using a flotation assay based on resistance to solubilization by Brij 98 at 37 0 C (27) , and buoyancy at lowdensity fractions of a bottom-loaded discontinuous sucrose gradient, with steps of 5, 30 and 40% sucrose (31) . As shown in Fig. 1C , most of the transmembrane proteins CD38, and LAT, the intracellular membrane-bound Lck, and the ganglioside GM1 partitioned into low-density fractions 2-4, which is consistent with its residency in floating lipid rafts, or glycolipidenriched membranes. Thus, densitometric analysis showed that the CD38 present in rafts comprised 62.2 ± 3.7% of the total CD38, whereas the CD38 present in soluble fractions 7-8 was 35.0 ± 3.9% of total CD38 (p<0.006, n=10, Table I ). Likewise, 73.9 ± 4.7% of total GM1 localized to rafts, while only 13.1 ± 2.5% was in soluble fractions (p<0.00001, n=10, Table I ).
Moreover, about 84% of Lck, 75% of LAT, and less than 30% of CD3-ζ and CD3-ε were enriched in floating rafts. In contrast, about 10% of ZAP-70 and none of actin, or Cbl were detected in those fractions (Fig. 1C , and data not shown). These low-density fractions contained only about 2% of total proteins found in the whole sucrose gradient ( Fig. 1D ), therefore they were highly enriched in proteins associated with lipid rafts.
We next examined how ODG affected the recovery of CD38, CD3-ζ, CD3-ε, LAT, Lck and the ganglioside GM1 in floating rafts by treating the Brij 98 lysates with 60 mM ODG before gradient centrifugation. As shown in Table I , ODG dissociated >50% of CD38, LAT and GM1 from the top fractions, while Lck was less affected (about 28% of Lck moved out of the raft fractions). Note, however, that only 43% of CD38 migrated to high-density fractions 7-8 upon ODG treatment, despite the fact that same treatment yielded little pelletable CD38 upon centrifugation at 13,000 g (Fig. 1B) . Likewise, ODG seemed not to affect the recovery of CD3-ζ, or CD3-ε in the low-density fractions, although there was a small but highly reproducible reduction in the percentage of these proteins found in the high-density fractions 7-8 (Table I) . These apparent contradictions were caused by the appearance in fractions 5-6 of CD38, CD3-ζ and CD3-ε forms of greater buoyant density than those floating to fractions 2-4 but with lower densities than those remaining in fractions 7-8 (data not shown). These data suggest that ODG caused partial solubilization with the appearance of less buoyant CD38, CD3-ζ, and CD3-ε complexed with sphingolipid, and other lipids in non-vesicular form (47), or forming vesicles of smaller size (nanovesicles) with a distinct cholesterol/lipid environment than that in fractions 2-4 (48). Therefore, ODG altered the buoyant properties of CD38, CD3-ζ and CD3-ε shifting to intermediate densities.
Lck and the TCR/CD3 complex are specifically concentrated in anti-CD38 immunoisolated rafts
We next examined whether the CD3 subunits and Lck are located within the same raft subset as CD38. To this end, CD38-containing rafts were immunoisolated from the total pool of Brij 98-resistant raft fractions with µMACS Protein G Microbeads as described in
Experimental Procedures. Then, the immunoisolated rafts bound to the anti-CD38-coated magnetic beads were analyzed biochemically. Western blot analysis showed that non-specific binding of CD38 to an irrelevant isotype-matching mouse mAb (IgG1) was about 1% of the total amount of CD38 in the pooled raft fractions 2-4, while its specific binding to the anti-CD38 mAb OKT10 was about 38%, which suggested a substantial enrichment over the amount in the pooled raft fraction (data not shown), despite the fact that these experiments were done in antigen excess according with manufacture specifications. Similar analysis showed that Lck, CD3-ζ, CD3-ε, and LAT were also detected in rafts immunoisolated with the anti-CD38 mAb, OKT10 ( Fig. 2A, lane 1) , although there was a hierarchy of binding, Lck>CD3-ζ>>CD3-ε≥LAT. Binding of CD3-ε and LAT to OKT10 was considered non-specific since it was in the range of that bound to the irrelevant isotype-matching mAb (0.2-0.8%). Then, we examined the protein composition of the rafts immunoisolated with anti-Lck, anti-CD3-ζ, anti-CD3-ε, or anti-LAT antibodies. The data showed that Lck, CD38 and CD3-ζ were readily detected in rafts immunoisolated with the anti-Lck mAb 3A5 ( Fig. 2A, lane 2) . Likewise, CD3-ζ, CD38 and
Lck were clearly present in rafts immunoisolated with the anti-CD3-ζ mAb 1D4.1 ( Fig. 2A,   lane 3) . Moreover, significantly higher amounts of LAT were detected in Lck-than in CD3-ζ-immunoisolated rafts ( Fig. 2A, lanes 2, and 3 , respectively). Regarding CD3-ε rafts immunoisolated with the anti-CD3-ε mAb OKT3, CD3-ζ was the major protein co-isolated, following by Lck, with relatively weaker detection of LAT and CD38 ( Fig. 2A, lane 4 ). This correlated with the fact that CD3-ε was readily detected in both Lck-and CD3-ζ-immunoisolated rafts ( Fig. 2A, lanes 2 and 3) , showed intermediate levels in LAT rafts and was weakly detected in CD38-immunoisolated ones ( Fig. 2A, lanes 1 and 5, respectively) .
The higher level of Lck relative to LAT in CD3-ζ-and CD3-ε-immunoisolated rafts indicated that TCR-CD3 raft distribution in Jurkat T cells was very similar to that in the murine T cell line 3A9 lysed in Brij 98 (27) . Of note is that LAT was readily detected in Lck rafts and vice-versa Lck is clearly present in LAT rafts, while the amount of the other proteins is significantly higher in Lck rafts than in LAT rafts ( Fig. 2A, lanes 2 and 5) , which is in agreement with the strong presence of Lck in all raft subsets so far studied and suggesting that
Lck is the linker that keeps most of these proteins together.
ODG extraction reveals distinct protein assemblies within rafts, which differ in their requirements for stable association
To examine whether the protein assemblies detected in immunoisolated rafts correspond to protein-protein interactions, or rather they are dependent on the raft integrity, pooled lowdensity Brij 98-resistant raft vesicles were resuspended in a buffer containing 1% Brij 98 + 60 mM ODG, which efficiently disrupts many lipid raft-protein associations (see Table I ). Then, either CD38, Lck, CD3-ζ, CD3-ε, or LAT were immunoprecipitated with specific antibodies bound to µMACS Protein G Microbeads as described above, and the retrieved proteins were detected by Western blot analysis (Fig. 2B ). Since ODG did not affect much the interaction of Lck with lipid rafts, while greatly affected the CD38-raft interaction (Table I) , it was expected that in ODG-treated raft vesicles the ratio Lck:CD38 would be significantly higher than that in Brij 98-resistant ones. In this sense, CD38 was not longer detectable in the Lck immunoprecipitates from ODG-treated raft vesicles (Fig. 2B, lane 2) , whereas Lck was still detectable in the CD38 immunoprecipitates (Fig. 2B, lane 1) . Note, however, that the relative amount of Lck co-immunoprecipitated with CD38 was significantly reduced as compared with that in the intact raft vesicles (Fig. 2B and Fig. 2A, lane 1) . These data were in accordance with reduced amount of CD38 that still remained associated with raft fractions upon ODG treatment (Table I) , and therefore, susceptible to interact with Lck, or being part of the same raft subset.
Likewise, in the presence of ODG LAT was not longer detected in CD3-ζ, or CD3-ε immunoprecipitates (Fig. 2B, lanes 3 and 4, respectively) , and vice-versa, low amounts of CD3-ζ and CD3-ε were co-immunoprecipiated with LAT ( fig. 2B, lane 5) . Again, these data correlated with the ability of ODG to selectively disrupt raft-LAT association, while the association of either CD3-ζ, or CD3-ε with lipid rafts was less affected (Table I) .
Other protein assemblies were affected by the presence of ODG but not completely disrupted. Thus, lower amount of LAT was co-immunoprecipitated with Lck as compared with that in Brij 98 alone (Fig. 2B versus Fig. 2A, lane 2) , and vice-versa less amount of Lck was detected in LAT immunoprecipitates than that in Brij 98 (Fig. 2B versus Fig Fig. 2A, lane 2) . Moreover, CD3-ζ-Lck and CD3-ε-Lck interactions were detectable despite much less Lck was co-immunoprecipitated with both CD3 subunits ( Fig. 2B versus Fig. 2A, lanes 3 and 4) .
CD38 associates with CD3-ζ in both raft and soluble fractions
Since both the TCR-CD3 complex and CD38 were present in raft and soluble fractions it was of interest to know whether they could interact in both compartments. The data clearly
showed that the presence of ODG did not significantly affect the amount of CD3-ζ coimmunoprecipitated with CD38 in low-density fractions (Fig. 2B , lane 1) as compared with that retrieved in Brij 98-resistant CD38-containing raft vesicles ( Fig. 2A, lane 1) . Moreover, CD3-ζ was readily detected in CD38 immunoprecipitates from the non-raft fraction either in the presence of ODG (Fig. 2C, lane 1) , or in Brij 98 alone (data not shown). It is worth noting that although CD3-ε was also detected in the CD38-immunoprecipitates from soluble fractions (Fig. 2C, lane 1) , its concentration in CD38 raft fractions was significantly lower than that of CD3-ζ ( Figs. 2A and 2B, lane 1) , which suggested that, at least in rafts, CD38-CD3-ζ interaction could occur independently of the presence of the other subunits of the TCR-CD3
complex, or at other CD3-ζ:CD3-ε ratio than that of the TCR-CD3 complex. Moreover, CD38-CD3-ζ association also occurred in soluble fractions were Lck did not co-immunoprecipitate with CD38 (Fig. 2C, lane 1) , and in ODG-solubilized rafts from the Lck-deficient Jurkat variant JCaM 1.6 (Fig. 3, lane 3) , which strongly suggests that Lck is not required for CD38-CD3-ζ interaction. Together, these results emphasize that the association of CD38 with CD3-ζ can occur outside of raft membrane vesicles and that CD38-CD3-ζ complexes are not artifacts of incomplete solubilization but instead represent discrete units that are capable of being fully solubilized.
However, CD38 was not detected in CD3-ζ immunoprecipitates from either ODGsolubilized rafts or non-raft compartments ( Fig. 2B and 2C, lane 3) , which was in clear discrepancy from the data in intact raft vesicles where CD38 is readily retrieved by CD3-ζ immunoisolates ( Fig. 2A, lane 3) , and suggested an interaction of either low affinity, or low stoichiometry. Against the low affinity of the CD38-CD3-ζ interaction is the fact that upon extraction with ODG, CD3-ζ is still readily detectable in CD38 immunoprecipitates (Fig. 2B,   lane1 , and Fig. 3, lane 2) , whereas is almost undetectable in the CD3-ε immunoprecipitates (Fig. 2B, lane 4) . Likewise, relatively lower amounts of CD3-ε were co-immunoprecipitated with CD3-ζ in the ODG-treated raft compartment (Fig. 2B, lane 3) , as compared with those in Brij 98 alone (Fig 2A, lane 3) , which suggests that CD38-CD3-ζ interaction has a relatively higher affinity than that of the well established CD3-ε-CD3-ζ association (50).
Moreover, it is worth noting that in Jurkat T cells TCR-CD3 surface expression was significantly higher than that of CD38, with a CD3:CD38 ratio of about 5:1 at saturating concentrations of both the anti-CD3-ε and anti-CD38 mAbs (Fig. 1A) , which is indicative of a higher number of surface CD3 molecules than that of CD38. However, because these proteins are not equally distributed in the different cell surface microdomains, the real number of CD3
and CD38 molecules in each microdomain may vary significantly. One might expect that in Brij 98-resistant rafts CD38 and CD3-ζ will be constrained to be close together at a more balanced concentration, and hence they were readily co-isolated independently of the antibody used for immunoisolation ( Fig. 2A, lanes 1 and 3) . In contrast, in Brij 98-, or ODG-soluble fractions the number of CD3 molecules clearly exceeds those of CD38, therefore, it is expected that a large proportion of CD3-ζ will be associated with receptors other than CD38 (i.e. the TCR/CD3 complex), or it will be remain free. Under conditions of large antigen excess, as it occurs in our immunoprecipitation experiments, it is likely that the anti-CD3-ζ mAb would bind much more the CD3-ζ molecules that remain free, or associated with other receptors (Figs.
2B and 2C, lane 3), rather than the associated with CD38, which would be preferentially captured by the anti-CD38 mAb (Figs. 2B and 2C, lane 1) . Therefore, these findings support the idea that the CD38 raft subset represents a significant fraction of CD3-ζ-containing rafts, while CD38 in the disordered plasma membrane represents a very minor fraction of CD3-ζ-associated complexes. Tyrosine phosphorylation of CD3-ε and CD3-ζ occurred in both raft and soluble fractions upon CD38 ligation ( Fig. 4A and 4C ). However, in rafts CD3-ε tyrosine phosphorylation increased 4-fold relative to that in unstimulated cells, whereas in the soluble fraction such increase was only of 1.7-fold (for quantification see Fig. 4B ). Likewise, the increases in CD3-ζ tyrosine phosphorylation were more prominent in rafts than in soluble fractions (3-to 5-fold in rafts versus 2-fold in soluble fractions, Fig. 4B ). It is worth noting that in the raft fraction tyrosine phosphorylated CD3-ε exhibited a slower migration on SDS-PAGE than its counterpart in the soluble fraction ( Fig. 4A and 4C, lanes 1 and 2 versus lanes 3 and 4) . Its apparent molecular weight coincided with that of the upper band of fully tyrosine phosphorylated CD3-ε, which runs as a 24-25 kDa doublet on high-resolution SDS-PAGE (38) .
Likewise, the 23-kDa form of tyrosine phosphorylated CD3-ζ, which corresponds to that of fully phosphorylated CD3-ζ species (51), was only detected in rafts and not in the soluble fraction. In contrast, in the soluble fraction from IB4-stimulated cells 81% of tyrosine phosphorylated CD3-ζ migrated with an apparent molecular weight of 18-kDa (Fig. 4A, lane 4 , followed by cross-linking with the F(ab') 2 fraction of a secondary antibody. Then pooled Brij 98-resistant raft and soluble sucrose gradient fractions from unstimulated, or IB4-stimulated cells were immunoprecipitated with an anti-Tyr(P) mAb bound to agarose beads as described above. As shown in Fig. 4E , c-Cbl, were exclusively detected in the anti-Tyr(P)
immunoprecipitates from the soluble fraction, with a significant increase upon CD38 engagement (Fig. 4E, upper panel, lanes 3 and 4) . In contrast, tyrosine phosphorylation of p55 PI 3-kinase was exclusively detected in raft fractions (Fig. 4E, lower panel, lanes 1 and 2) , while phospho-ZAP-70 was detected in both raft and soluble fractions, although after CD38 stimulation, the increase in ZAP-70 tyrosine phosphorylation was better seen in the raft fraction (Fig. 4E, middle panel) . Increased ZAP-70 tyrosine phosphorylation has been correlated with augmentation of its catalytic activity (56), whereas c-Cbl has been associated with the negative regulation of immune receptor signaling (57) . Note that in both raft and soluble fraction from cells stimulated with anti-CD38 mAb for 5 min, several tyrosine phosphorylated proteins were detected, with apparent molecular masses above 50 kDa. However, in the soluble fraction the relative abundance of tyrosine phosphorylated proteins was higher than in rafts, which correlated with its higher protein content. Overall, these findings strongly corroborate our initial suggestion that raft microdomains play an important role in the activation of the earliest CD38 signaling events (31), in which Lck, CD3-ζ, CD3-ε, ZAP-70 and LAT become tyrosine phosphorylated. In contrast, potentially inhibitory signals involving altered CD3-ζ tyrosine phosphorylation, and fully c-Cbl tyrosine phosphorylation could be initiated simultaneously, or a few minutes later in the bulk of non-raft plasma membrane and/or the cytosol.
Recruitment of Sos and the p85α regulatory subunit of the PI 3-kinase to membrane rafts upon CD38 ligation
To examine whether additional signaling molecules were recruited to rafts upon CD38 engagement, despite the fact that they do not become tyrosine phosphorylated, Jurkat T cells were stimulated with the anti-CD38 mAb, IB4, followed by cross-linking with the F(ab') 2 fraction of a secondary antibody for 3 min. Cells were then lysed in 1% Brij 98 at 37 0 C and subjected to sucrose gradient fractionation. The low-density raft fractions 2 to 4 were pooled, concentrated, and proteins were separated by SDS-PAGE under non-reducing conditions, and analyzed by Western blot with various specific antibodies. As shown in Fig, 5A , we observed that upon CD38 ligation for 3 min the amount of Sos and p85 PI 3-kinase in rafts increased 2-fold and 14-fold, respectively ( Fig 5A, lane 2 versus lane 1) . These increments appeared to be specific since the relative amounts of Vav and LAT remained unchanged following CD38 engagement, while ZAP-70, Lck, CD3-ζ, and CD3-ε increments ranged from 1.2-to 1.6-fold over unstimulated cells. Furthermore, a more patent translocation of Sos, and particularly of p85 PI 3-kinase, to rafts was observed at 5 min following CD38 ligation with IB4 (Fig. 5B, lane 3, upper and middle panels, respectively). When another anti-CD38 mAb, OKT10, was used to stimulate cells, then translocation of Sos and p85α to rafts also occurred but less efficiently (Fig. 5B, upper and middle panels, lane 2), which correlated with its relative less capability to induce Erk activation (Fig. 6B) . Note that the anti-p85α mAb used for immunoblotting detected a doublet in CD38-stimulated cells (Fig. 5B, middle panel, lanes 2   and 3) . The upper band, which is also present in unstimulated cells (lane 1), it may correspond to the p85β isoform, which is constitutively associated with lipid rafts in Jurkat T cells (14) .
Since neither Sos, nor p85 PI 3-kinase become tyrosine phosphorylated upon CD38 engagement ( (30), and data not shown), the data suggested that the recruitment of Sos and p85 PI 3-kinase to raft membranes may reflect the specific interaction of these proteins with raft components, which in turn may facilitate the CD38-mediated activation of the Raf-Erk and PI 3-kinase/Akt signaling pathways.
Recruitment of Sos and SLP-76 to tyrosine phosphorylated LAT upon CD38 engagement
LAT tyrosine phosphorylation and recruitment of Grb2-Sos are important steps for TCRmediated Ras activation (58) . Given that LAT is located in rafts, and Sos is translocated to rafts upon CD38 cross-linking, we addressed the question whether cross-linking of CD38 leads to (Fig. 6A, third panel, lanes 2 and 1, respectively) . Therefore, this result suggests that CD38-mediated tyrosine phosphorylation of LAT promotes the recruitment of Grb2-Sos complexes to rafts. Since another critical role of LAT is to bring SLP-76-Gads complexes, and its associated proteins, to the membrane in a tyrosine phosphorylation manner (59), we next tested whether SLP-76 was recruited to LAT upon CD38 ligation. As shown in Since translocation of Sos to rafts was better induced by the anti-CD38 mAb IB4 than with OKT10, the relative potency of these mAbs to induce Erk activation was studied. As shown in Fig. 6B , IB4 mAb induced a higher increase in Erk phosphorylation than OKT10, as expected.
CD38 ligation induces Ras activation within rafts
Although translocation of Grb2-Sos complexes into rafts leads to Ras activation upon TCR stimulation (60), and we have demonstrated that CD38 ligation leads to Raf/Erk activation (28, 30, 31) , it is not known whether Ras is activated upon CD38 engagement. To 
DISCUSSION
In a previous paper we have demonstrated that in T cells CD38 is associated with lipid rafts (31) . However, little is known about the protein composition of CD38-containing rafts and whether specific interactions exists between CD38 and other well-characterized raft-associated signaling proteins. Using specific antibodies bound to Protein G superparamagnetic
Microbeads we have analyzed the distribution pattern of CD38, Lck, CD3-ζ, CD3-ε and LAT in immunoisolated rafts from Jurkat T cells. This study indicates that CD38 is concentrated in a subset of rafts that have relatively high levels of Lck and CD3-ζ, whereas CD3-ε and LAT are weakly detected. Moreover, the CD3-ζ, and CD3-ε subunits seem to be concentrated in a subset highly enriched in Lck and to a lesser extent with LAT. Thus, the distribution pattern of these molecules in CD3-ε rafts is very similar to that in Brij 98-resistant immunoisolated CD3-ε rafts from a murine T cell line (27) . On the other hand, Lck rafts retrieve all the molecules analyzed, whereas LAT rafts are highly enriched in Lck, show intermediate levels of CD3-ζ and CD3-ε, and low levels of CD38. Therefore, there are quantitative and qualitative differences in the protein content of the raft subsets so far studied although there is also some degree of overlapping, presumably because most of these molecules are part of pre-formed signaling complexes.
Recent evidence suggests that LAT and Lck could reside in separate raft domains in human T lymphoblasts (63) . Interestingly, in the same report TCR stimulation induced the co- immunoprecipitates and the complete lost of CD38 from Lck immunoprecipitates. These results could be explained by the selective dissociation of LAT and CD38 from raft membrane vesicles by ODG, while Lck, CD3-ζ, and CD3-ε remain associated to them (Table I) . In this sense, it has been reported in murine T cells that CD38 and Lck could interact directly through the CD38 cytoplasmic tail and the Lck SH2 domain (64) . Interestingly, such interaction takes place in cells solubilized in a lysis buffer containing 1% digitonin, which is a mild detergent known to preserve lipid raft-protein interactions (65).
In contrast, other protein complexes are well maintained regardless of using ODG detergent to solubilize rafts, which suggest that they occur primarily via protein-protein interactions. Thus, the associations of Lck with either CD3-ζ, or CD3-ε are relatively well maintained in the presence of ODG and are detected independently of the antibody used for immunoprecipitation (i.e. anti-Lck, anti-CD3-ζ, or anti-CD3-ε). These data further support that Lck and the TCR-CD3 complex are tightly associated within the Lck, and/or the TCR raft subsets. Since in rafts a small fraction of both CD3-ζ and CD3-ε seem to be constitutively phosphorylated (Fig.4) , it is likely that Lck-CD3 association takes place through phosphotyrosine-dependent interactions.
Another protein ensemble, which probably takes place via protein-protein interactions, is the association of CD38 with CD3-ζ. Thus, in the anti-CD38 immunoprecipitates from raft fractions a similar proportion of CD3-ζ remains associated with CD38 independently of the presence of ODG or not. Moreover, the association of CD38 with CD3-ζ is found in both raft and soluble fractions, and in rafts from Lck-deficient cells, which demonstrates that CD38-CD3-ζ interactions can occur independently of raft partitioning of their components, do not require Lck, and are not artifacts of incomplete solubilization. However, in Jurkat T cells there are clear differences in the surface expression of the CD3 subunits and CD38, along with differences in the proportion of each molecule partitioning into rafts, which may dramatically influence the stoichiometry of CD38-CD3-ζ complexes within rafts, or outside them. The results indicate that changes in the surface expression of CD38, CD3-ζ, or both may greatly affect the number of available CD38-CD3-ζ complexes, which in turn may affect the threshold level required to initiate transmembrane signaling through CD38.
Other protein associations, which are stable in 1% Brij 98 but not in 60 mM ODG, are however direct. Perhaps the best example is the CD3-ζ-CD3-ε complexes, which are detected in both raft and soluble fractions. Our data are consistent with the evidence that CD3-ζ is loosely associated to the other TCR-CD3 subunits (66) , and therefore its interaction with the other CD3 polypeptide chains is more sensitive to non-ionic detergents than the more tightly associated TCR-αβ·CD3-γε, or TCR-αβ·CD3-δε subcomplexes (50, 67, 68) . (Fig. 6A) , and targeting of Sos into rafts as well (Fig. 5) . Therefore, a pathway leading from CD38 through Ras to Erk requires the formation of a signaling complex made up of the TCR-CD3 (28), Lck (30), ZAP-70 (30, 31) , and its downstream effector LAT. In this model, tyrosine phosphorylation of ZAP-70 and LAT are likely to be essential for CD38-induced targeting of Sos into rafts containing Ras. Therefore, as it is pointed out elsewhere, the formation of functional signaling complexes is unlikely to be stabilized solely through interactions with lipid rafts, but does require phosphotyrosine-dependent interactions (70) (71) (72) .
In murine T cells, where CD38-mediated LAT tyrosine phosphorylation is weaker than in Jurkat T cells, we favor a model in which the adapter Shc might have a crucial role (31) . In this sense, Shc partitions into rafts following TCR engagement (14) , and targeting of Shc to rafts leads to constitutive activation of the Ras/Erk signaling pathway and enhanced TCR signaling (data not shown). Since Ras interaction with lipid rafts is highly sensitive to detergent extraction (74, 75) , it is likely that we are underestimating the amount of N-Ras present in lipid rafts. In any case, CD38 ligation with an agonist anti-CD38 mAb causes N-Ras activation within Brij 98-resistant rafts (Fig.7) , and not in soluble fractions. However, the bulk of the Erk activation occurs in the non-raft fractions (Fig. 4) , and disruption of raft interactions by treatment with methyl-β-cyclodextrin strongly stimulates CD38-mediated Erk activation (31) .
Thus, association with raft domains may be involved in the first steps leading to Ras/Erk activation, but rafts do not constitute the final site of activation of this signaling pathway. These data are consistent with the concept that N-Ras may exist in a dynamic equilibrium between lipid rafts and the disordered plasma membrane, as it has been demonstrated for doubly palmitoylated H-Ras (74, 76, 78) .
In Jurkat T cells the regulatory p85α subunit of the PI 3-kinase is recruited to rafts after CD38 cross-linking, while the p85β isoform is constitutively present in rafts. Moreover, a tyrosine phosphorylated p55α isoform was also present in rafts and become increasingly tyrosine phosphorylated upon CD38 ligation. Since CD3-ζ, and CD3-ε result tyrosine phosphorylated upon CD38 cross-linking [Zubiaur, 2002 #405; Zubiaur, 1999 #178; and this paper], and these proteins could interact in a phosphorylation-dependent manner with the p85α PI 3-kinase (31, 79, 80) , they could target PI 3-kinase to rafts. In addition, binding of PI 3-kinase to the TCR-CD3 per se could up-regulate the PI 3-kinase activity (79, 80) presumably by a conformational change as previously reported for other p85 binding proteins (81, 82) . Other candidate molecules are LAT, Shc, and Cbl, as these molecules bind p85 (83) , and result tyrosine phosphorylated upon CD38 stimulation ( Fig. 4 and 6 ) (28, 30, 31) . Initiating process could occur with molecules such as CD3-ζ and CD3-ε, whereas LAT, or Shc may responsible for maintaining or amplifying PI 3-kinase activation. Both events are likely important for PI(3,4,5)P3 generation after CD38 cross-linking. These interactions with lipid rafts are likely to be functionally significant, since in one earlier study we demonstrated that disruption of raft domains by treatment with methyl-β-cyclodextrin prevents the PI 3-kinase/Akt activation mediated by CD38 (31).
In contrast, c-Cbl, which in B cells is related with inhibition of CD38-mediated cell growth (84) , becomes tyrosine phosphorylated exclusively in the non-raft compartment with delayed kinetics respect to other signaling molecules. Partial tyrosine phosphorylation of CD3-ζ, which has been correlated with partial TCR signaling (52) , is also found in the non-raft plasma membrane. Note that in the non-raft fraction the small amount of Lck detected is not associated with CD38, which could explain why fully phosphorylation of CD3-ζ does not occur upon CD38 ligation. Therefore, the CD38 present in the disordered, non-raft plasma membrane might be involved in the initiation of inhibitory signals as c-Cbl tyrosine phosphorylation and partial CD3-ζ tyrosine phosphorylation, although we cannot rule out that CD38 ligation within rafts may regulate lateral segregation of inhibitory signaling molecules from rafts to the nonraft compartment. Likewise, lateral segregation of activating signaling molecules from raft to non-raft sites is likely to occur later on, since the bulk of Erk activation is detected somewhere outside lipid rafts. In summary, this study provides new insights into the mechanisms by which CD38 transduces signals inside the cell, demonstrating that there are two pools of CD38, which differ in their microdomain localization, associated proteins, and distinct signaling outputs. 
